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a b s t r a c t
As the primary driving forces of gastrulation, convergence and extension (C&E) movements lead to a
medio-lateral narrowing and an anterior–posterior elongation of the embryonic body axis. Histone
methylation as a post-translational modiﬁcation plays a critical role in early embryonic development, but
its functions in C&E movements remain largely unknown. Here, we show that the setdb2-dvr1
transcriptional cascade plays a critical role in C&E movements during zebraﬁsh gastrulation. Knockdown
of Setdb2, a SET domain-containing protein possessing a potential histone H3K9 methyltransferase
activity, induced abnormal C&E movements, resulting in anterior–posterior shortening and medio-
lateral expansion of the embryonic axis, as well as abnormal notochord cell polarity. Furthermore, we
found that Setdb2 functions through ﬁne-tuning the expression of dvr1, a ligand of the TGF-β
superfamily, to an appropriate level to ensure proper C&E movements in a non-cell-autonomous
manner. In addition, both overexpression and knockdown of Dvr1 at the one-cell stage resulted in
defects at epiboly and C&E. These data demonstrate that Setdb2 is a novel regulator for C&E movements
and acts by modulating the expression level of dvr1, suggesting that Dvr1 acts as a direct and essential
mediator for C&E cell movements.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Gastrulation is a pivotal morphogenetic process in vertebrate
development to establish the three germ layers: endoderm,
mesoderm and ectoderm. Vertebrate gastrulation consists of three
evolutionarily conserved morphogenetic cell movements: epiboly,
involution and C&E movements (Keller, 2002). In zebraﬁsh gas-
trulation, C&E movements narrow the germ layers mediolaterally
and elongate them anteroposteriorly to sculpt the body plan
(Solnica-Krezel, 2006; Warga and Kimmel, 1990).
Previous studies indicate that non-canonical Wnt/PCP signaling is a
crucial regulator of C&E movements during vertebrate gastrulation.
The core members of the non-canonical Wnt/PCP pathway have been
shown to regulate C&E movements (Jessen et al., 2002; Topczewski et
al., 2001). Zebraﬁsh mutants silberblick (slb;wnt11) and pipetail (ppt;
wnt5) have been identiﬁed as required for normal C&E movements
and show typical phenotypes of impaired C&E movements, such as
anterior–posterior shortening and medio-lateral expansion of the
embryonic axis (Heisenberg et al., 2000; Rauch et al., 1997). In addition
to Wnt/PCP signaling, several other signaling pathways are also
known to participate in proper C&E movements, including the BMP
(Myers et al., 2002a; von der Hardt et al., 2007), Jak/Stat (Miyagi et al.,
2004; Yamashita et al., 2002; Yamashita et al., 2004), Eph-Ephrins
(Chan et al., 2001; Jones et al., 1998; Oates et al., 1999) and PDGF-PI3K
signaling pathways (Ataliotis et al., 1995; Ghil and Chung, 1999).
Meanwhile, genes involved in cell adhension and the extracellular
matrix have also been shown to participate in the C&E movements
(Bakkers et al., 2004; Coyle et al., 2008; Kim et al., 1998; Williams et
al., 2012; Yamamoto et al., 1998).
It has been seen that histone methylation plays a critical role in
regulating gene expression during embryonic development
(Kouzarides, 2007; Li, 2002), but it remains largely unknown whether
histone methylation has effects on gastrulation, especially on C&E cell
movements (Tsai et al., 2011). Our previous study identiﬁed the
zebraﬁsh setdb2 (SET domain bifurcated 2) gene in our large-scale
sequencing database and genomewide-survey and developmental
expression mapping of zebraﬁsh SET-domain-containing genes.
Further investigation indicated that Setdb2 possesses potential tran-
scriptional repression activity through catalyzing trimethylation at
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histone H3 lysine 9 (H3K9me3) and that it restricts dorsal organizer
formation and regulates left-right asymmetry by suppressing fgf8a
activity (Xu et al., 2010). Interestingly, in Setdb2-deﬁcient embryos, we
also observed shortened and laterally expanded notochord and
somites stained for ntla and myod1, respectively. Furthermore, undu-
lating midlines were frequently observed between 18 and 28 h post
fertilization (hpf) in setdb2 morphant embryos (Xu et al., 2010),
resembling defects in C&E movements (Hammerschmidt et al., 1996;
Oishi et al., 2006; Sumanas et al., 2001). These abnormal patterns of
midline genes raise the possibility that Setdb2 is required for appro-
priate C&E movements during zebraﬁsh gastrulation.
Members of the transforming growth factor beta (TGF-β) super-
family regulate fundamental cell processes, including cell growth, cell
differentiation, apoptosis, cellular homeostasis, adhesion and migra-
tion, particularly in the germ layer formation and body axis patterning
during early embryonic development (Wu and Hill, 2009). Members of
the TGF-β superfamily, such as BMPs, have been shown to contribute
to proper gastrulation movements during embryonic development
(Myers et al., 2002a; von der Hardt et al., 2007). The decapentaplegic
and Vg-related 1 (dvr1) gene, the zebraﬁsh ortholog of Xenopus Vg1
andmammalian Gdf1, also belongs to the TGF-β superfamily of ligands
(Andersson et al., 2007; Birsoy et al., 2006; Dohrmann et al., 1996). In
Xenopus, Vg1 has been reported to be involved in Smad2 phosphor-
ylation and mesoderm induction. The Vg1-depleted embryos develop
with abnormal gastrulation and reductions in anterior and dorsal
structures (Birsoy et al., 2006). Additionally, Xenopus Vg1, mouse Gdf1
and human GDF1 have been related to the establishment of left-right
asymmetry. In Xenopus, altered expression of Vg1 on the right side of
16-cell embryos or disruption of Vg1 signaling on the left side
randomizes cardiac and visceral left-right orientation (Hyatt et al.,
1996). Gdf1-/- mice exhibit abnormalities in left-right axis formation,
such as visceral situs inversus and right pulmonary isomerism (Rankin
et al., 2000). Further, a study in a Finnish family with ﬁve siblings
affected with right atrial isomerism (RAI, a subtype of heterotaxy
syndrome), asplenia and situs anomalies shows that the affected
children are compound heterozygotes for truncating mutations in
the GDF1 gene (Kaasinen et al., 2010). Meanwhile, more functions of
zebraﬁsh Dvr1 have gradually been identiﬁed. Ectopic expression of
dvr1 in wild-type embryos results in severe dorsalization, and Dvr1
signaling in zebraﬁsh acts similarly to Nodal and depends on EGF-CFC
coreceptors for the interaction with and activation of Activin receptors
(Cheng et al., 2003). Furthermore, embryonic depletion of Dvr1 via
morpholino (mo) (morpholino phosphorodiamidate antisense oligo-
nucleotides) induces abnormal development, resulting in absent
cardiac looping, pericardial edema and impaired trunk and neural
development (Li et al., 2012). A recent study has also indicated that
Dvr1 is responsible for left-right asymmetry by enabling the transfer of
a left-right signal from KV to the LPM (Peterson et al., 2013). However,
the function of Dvr1 relevant to zebraﬁsh gastrulation has not
previously been explored.
In this study, we show that the setdb2 gene is required for the
establishment of proper C&E movements in a non-cell-autonomous
manner during zebraﬁsh gastrulation. Furthermore, Setdb2 regulates
the expression of dvr1, and the characteristic defects of C&E move-
ments observed in setdb2 morphant embryos can be largely restored
by Dvr1, a member of TGF-β superfamily, suggesting a novel signaling
pathway for regulating the C&E movements.
Results
Setdb2 is required for the C&E movements during zebraﬁsh
gastrulation
Our previous study illustrated that the SET-domain-containing
protein Setdb2 possesses potential transcriptional repression
activity and can negatively regulate the dorsal organizer formation
by suppressing the expression of fgf8a. During that study, we also
observed inappropriate C&E movements, including shortened and
laterally expanded mesodermal structures and undulations of the
midline (Xu et al., 2010). These features prompted us to hypothe-
size that Setdb2 is involved in C&E movements during gastrula-
tion. To test this hypothesis, we examined the role of Setdb2 with
antisense morpholino-mediated knockdown. Western blot analy-
sis showed dose-dependent reductions in the endogenous Setdb2
protein level in setdb2 morphant embryos (Fig. S1A). Embryos
injected with setdb2 mo displayed a mildly shortened anterior-
posterior axis at the end of gastrulation (Fig. S2B,E) and 3-somite
stage (3s) (Fig. S2D,E) compared with the control. At 22 hpf, the
knockdown of Setdb2 caused a dramatically shortened and curved
body axis (data not shown).
To further characterize these defects at the tissue level, we
examined the expression levels of several speciﬁc genes. At the
tail-bud and 3-somite stages, setdb2 morphants showed a wider
and shorter notochord (ntla) (Fig. 1A,B,G), broader neural plate
(dlx3b) (Fig. 1C,D,G), wider rhombomeres (egr2b) (Fig. 1E–G) and a
slightly posteriorly located prechordal plate (ctsl1b) compared to
the control embryos (Fig. 1C,D,G, insets). These observations,
combined with compressed and laterally expanded somites
(myod1) (Xu et al., 2010), suggest that the C&E movements were
impaired in Setdb2-knockdown embryos.
At the cellular level, we observed an abnormality in cell
polarity in Setdb2-depleted embryos at the 3-somite stage. We
analyzed the shape and orientation of notochord cells. In control
embryos, the notochord cells exhibited an average of length-to-
width ratio (LWR) of 3.8970.951, and 65% of notochord cells
oriented their long axes within a 201 arc relative to a line
perpendicular to the notochord (Figs. 1H,J,K, n¼4 embryos, 80
cells). By contrast, in setdb2 morphants, the notochord cells
showed reduced LWR of 1.8170.501 and more random mediolat-
eral alignment. Only 20% of notochord cells oriented their long
axes within a 201 arc relative to a line perpendicular to the
notochord (Figs. 1I–K, n¼4 embryos, 80 cells). In addition, the
impaired morphological cell polarity in setdb2 morphants were
ﬁrst observed at the end of gastrulation (Fig. S3B,E,F). All of these
results suggest that Setdb2 is required for C&E movements during
zebraﬁsh gastrulation.
Setdb2 regulates C&E movements by modulating the expression of
dvr1
To further investigate the molecular mechanisms of Setdb2 in
C&E movements, we collected control and Setdb2-depleted
embryos at the onset of gastrulation to perform microarray
analysis. The expression levels of 56 genes were changed by more
than 2.0-fold in setdb2 morphants in comparison to the controls.
Those deregulated genes were categorized by the biological func-
tion based on published studies and the online software DAVID for
functional annotation of bioinformatics microarray analysis. Six of
these genes were associated with embryonic morphogenesis. The
expression of these genes was validated with quantitative PCR
(Table S1).
Among the six candidate genes, the zebraﬁsh dvr1 gene, a
homolog of Xenopus Vg1 and mammalian Gdf1, has been impli-
cated in mesoderm induction and is required for establishing left-
right asymmetry (Birsoy et al., 2006; Cheng et al., 2003; Peterson
et al., 2013). The previous study showed that Dvr1-depleted
embryos in zebraﬁsh had a shortened body axis and curved neural
tube (Li et al., 2012). These speciﬁc phenotypes raise the possibility
that Dvr1 may be a downstream target of Setdb2 during the
gastrulation process and C&E.
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The upregulation of dvr1 was the ﬁrst detected at 5.5 hpf in
setdb2 morphants and was maintained during gastrulation
(Fig. 2A). Meanwhile, we checked the transcriptional expression
levels of both setdb2 and dvr1 in wild-type embryos from 2.5 hpf
to 10 hpf (Fig. 2B). There was a highly negative correlation
between setdb2 and dvr1 gene transcription, especially during
gastrulation. Based on these observations, we hypothesized that
the upregulation of dvr1 might be responsible for the impaired
C&E movements caused by the inhibition of Setdb2.
One prediction based on the above hypothesis is that reducing
dvr1 expression should rescue the defects caused by Setdb2
knockdown, whereas overexpression of dvr1 would mimic the
defects induced by the inhibition of Setdb2. To test this hypothesis
and determine whether Dvr1 acts downstream of Setdb2 to
regulate C&E movements, we ﬁrst designed two non-overlapping
morpholinos, dvr1 moATG (blocking translation) and dvr1 moSB
(blocking splicing), to speciﬁcally silence its functions in zebraﬁsh.
To test the knockdown efﬁciency and speciﬁcity of the two
morpholinos, we co-injected 16 ng of either dvr1 control mo or
dvr1 moATG with 200 pg of an EGFP mRNA reporter containing
morpholino-targeting sequences into one-cell-stage embryos. The
results indicated that dvr1 moATG was able to efﬁciently and
speciﬁcally block the translation of the EGFP reporter (Fig. S1B).
Next, we checked the dvr1 mRNA level at various developmental
stages in embryos injected with either control mo or 16 ng dvr1
moSB. The dvr1 mRNA level was gradually reduced in dvr1 moSB
embryos from the zygotic transcription stage to the end of
gastrulation (Fig. S1C).
We then co-injected 16 ng setdb2 mo with 4 ng dvr1 moATG at
the one-cell stage. We found that the broader presumptive
Fig. 1. Setdb2 knockdown induces defects in C&E movements during gastrulation. (A–G) Whole-mount in situ hybridization and statistical analyses of the expression
patterns of ntla, ctsl1b, dlx3b and egr2b at the indicated developmental stages in embryos injected with setdb2 control mo or setdb2 mo. Insets show magniﬁed views of the
relative position of ctsl1b and dlx3b. The dorsal views on embryos in A and B were ﬂat-mounted. Embryos were animal views in C and D with head to the left and dorsal
views in E and F with head to the top. L1 and L2, the length and width of the notochord at 10 hpf; L3, the length of the posterior shift of prechordal plate relative to the
overlying neural plate; Angle, between the two sides of neural plate; L4, the width of rhombomeres 3 and 5. Asterisks indicate statistically signiﬁcant differences (n, Po0.05;
nn, Po0.01; nnn, Po0.001). (H–K) Representative confocal images of notochord cells in setdb2 control embryos (n¼4 embryos, 80 cells) and setdb2morphants (n¼4 embryos,
80 cells) co-injected at the one-cell stage with 100 pg mRNA coding for membrane-targeted RFP. Anterior is upwards. The boundaries of the notochord are marked with
dotted white lines. Length-width ratio (LWR) of notochord cells and mediolateral alignment (ML alignment) at the 3-somite stage were measured with ImageJ2X. The rose
diagrams were drawn using Rose.NET. Scale bar: 20 μm. The statistical signiﬁcance of difference is indicated by asterisks (nnnn, Po0.0001).
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Fig. 2. Dvr1 acts downstream of Setdb2 to affect C&E movements. (A) The relative expression levels of dvr1 in control and setdb2 morphant embryos from 2.5 hpf to 10 hpf.
The upregulation of dvr1 was ﬁrstly detected at 5.5 hpf in the setdb2 morphants. (B) The relative expression levels of setdb2 and dvr1 from 2.5 hpf to 10 hpf in wild-type
embryos. (C) The expression of the setdb2 gene was unaffected in two types of dvr1 morphants compared to the control. Gapdh expression was analyzed as a control in
quantitative real-time PCR. (D-L) dvr1 moATG partially rescued the C&E movement defects of setdb2 morphants. The embryos were injected at the one-cell stage with 16 ng
setdb2 control mo, 16 ng setdb2 mo or 16 ng setdb2 mo plus 4 ng dvr1 moATG. Whole-mount in situ hybridization of the expression patterns of fgf8a and ntla were performed
at the indicated developmental stages. L1, the width of the presumptive hindbrain at 10 hpf; L2 and L3, the width and length of the notochord. Dorsal views of embryos in G-I
were ﬂat-mounted. Embryos were dorsal views in left side of D–F with head to the top and lateral views in right side of D-F. Embryos were lateral views in upper of J–L and
dorsal views in nether of J–L with head to the left. (M) Statistical analyses of the expression patterns of fgf8a and ntla were performed. Asterisks indicate statistically
signiﬁcant differences (nn, Po0.01; nnnn, Po0.0001).
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hindbrain (fgf8a) (Fig. 2D–F, M), the wider and shorter notochord
(ntla) (Fig. 2G–I, M), and even the curved notochord at 22 hpf
induced by Setdb2 deﬁciency were rescued to nearly normal (19/
21, n¼21) (Fig. 2J–M). Consistent with this result, knockdown of
Dvr1 with moSB in setdb2 morphant embryos also partially
restored the defects of C&E to normal (Fig. S4).
As published previously, misexpression of dvr1 can induce
ectopic expression of the mesodermal markers ntla and gsc in
zebraﬁsh or Xenopus (Birsoy et al., 2006; Cheng et al., 2003). After
injecting 80 pg dvr1 mRNA, we also observed the upregulation of
the dorsal-mesodermal genes ﬂh and fgf8a at the shield stage (data
not shown). Meanwhile, this high level of dvr1 mRNA in embryos
resulted in severe defects during epiboly (Fig. 3B,F). We next
proceeded to inject dvr1 mRNA with varying dosage into embryos.
Among embryos injected with 40 pg dvr1 mRNA, most of them
showed obvious delays in epiboly and developed to approximately
70% epiboly stage at 10 hpf compared to the control (Fig. 3C,F).
Embryos injected with lower amounts of dvr1 mRNA (20 and 15
pg) showed mildly delayed epiboly (Fig. 3C,D,F). Finally, the
epiboly process could be completed when we injected 10 pg
dvr1 mRNA into the embryos, but 40% of them had impaired
C&E movements, such as mild defects in extension (Fig. 3E–G).
Meanwhile, whole-mount in situ hybridization also showed a
wider and slightly shorter notochord (ntla) (13/40, n¼40)
(Fig. 3H,I), broader neural plate (dlx3b) (16/32, n¼32) (Fig. 3J,K,
green dotted line), wider and slightly shorter somites (myod1) (15/
31, n¼31) (Fig. 3L,M) and a slightly posteriorly located prechordal
plate (ctsl1b) (13/32, n¼32) (Fig. 3J,K) in the embryos injected
with 10 pg dvr1 mRNA. After injection of dvr1 mRNA, we also
observed the undulated notochord stained with RNA probes for
ntla at 22 hpf (Fig. S5). Additionally, the impaired morphological
cell polarity in embryos injected with 10 pg dvr1 mRNA was also
observed at the end of gastrulation (Fig. S3D–F). These C&E defects
partially resembled what had been observed in setdb2 morphants.
Additionally, there was no signiﬁcant change in the setdb2
mRNA level in dvr1 moATG and dvr1 moSB morphant embryos
compared to the control (Fig. 2C). Taken together, these results
suggest that aberrant upregulation of dvr1 is responsible for the
impaired C&E movements caused by the inhibition of Setdb2 and
that the setdb2-dvr1 transcriptional cascade is essential for reg-
ulating proper C&E movements.
In our previous studies, knockdown of Setdb2 resulted in
randomization of left-right asymmetry (Xu et al., 2010). Other
published studies suggest a close relationship among C&E move-
ments, ciliogenesis and left-right asymmetry. Most core members
of non-canonical Wnt signaling pathway that participate in C&E
movements also play important roles during cilia formation and
left-right asymmetry patterning (Matsui and Bessho, 2012).
Furthermore, Vg1/Dvr1/Gdf1 have all been reported to be involved
in regulating the left-right axis formation (Hyatt et al., 1996;
Peterson et al., 2013; Rankin et al., 2000). These reports led us to
test whether the upregulation of dvr1 is also responsible for the
abnormal left-right asymmetry induced by the inhibition of
Setdb2. We found that the randomization of the asymmetric gene
spaw at 20 hpf and the heart laterality marker myl7 at 30 hpf in
setdb2 morphants could not be rescued by co-injection with 4 ng
dvr1 moATG (Fig. S6). These results indicate that Dvr1 acts as a
downstream target of Setdb2 to speciﬁcally regulate C&E move-
ments but not left-right asymmetry patterning during zebraﬁsh
development.
Knockdown of Dvr1 showed defects in C&E cell movements
Previous studies have reported that both the gain of function
and loss of function of components of the non-canonical Wnt
signaling pathway can cause abnormal C&E movements (Kilian et
al., 2003; Matsui et al., 2005; Ungar et al., 1995). To further
investigate the effect of Dvr1 on C&E movements during zebraﬁsh
gastrulation, we examined the effects of Dvr1 knockdown on the
C&E process. Whole-mount in situ hybridization showed that
injection of dvr1 moATG resulted in a wider presumptive hindbrain
(fgf8a) (31/33, n¼33) (Fig. 4A,B), broader neural plate (dlx3b) (41/
63, n¼63) (Fig. 4C,D, green dotted line), compressed and laterally
expanded somites (myod1) (30/33, n¼33) (Fig. 4E,F) and undu-
lated notochord (ntla) (23/33, n¼33) (Fig. 4G,H). Similar to setdb2
morphants, compared to the control embryos, dvr1 moATG also
caused a slightly posteriorly located prechordal plate (ctsl1b) with
respect to the anterior edge of the neural plate (25/63, n¼63)
(Fig. 4C,D). Moreover, we also found that dvr1 moSB could induce
phenotypes of C&E similar to those observed in dvr1 moATG and
setdb2 morphants (Fig. 4I–P). Meanwhile, knockdown of Dvr1
could also lead to defects in cell polarity at the end of gastrulation
(Fig. S3C,E,F). Further, we veriﬁed the speciﬁcity of C&E defects
caused by Dvr1 inhibition by co-injecting dvr1 mRNA with dvr1
moATG. The phenotype of compressed and laterally expanded
somites (myod1) in dvr1 moATG morphant was nearly rescued in
a dose-dependent manner (Fig. 4Q).
To assess how Dvr1 affects cell movements during zebraﬁsh
gastrulation, we performed a cell-tracing experiment with UV-
mediated photoactivation (Hatta et al., 2006). We used UV radia-
tion to label a small cluster of cells on the dorsal side of the margin
or the middle of the lateral margin at 6 hpf and analyzed the cell
migration at the tail-bud stage. In comparison with the control
embryos, the anterior migration of labeled cells was perturbed in
dvr1 moATG and dvr1 moSB morphants (Fig. 5F,J,Q). Meanwhile, in
dvr1 moATG and dvr1 moSB morphants, the convergence of the
laterally marked cells toward the dorsal side was also impaired
(Fig. 5H,L,Q). In addition to dvr1 morphants, we also observed
phenotypes of mildly reduced extension of the axial mesoderm
and severely reduced movement of labeled lateral cells towards
the dorsal side in setdb2 morphants (Fig. 5N,P,Q). In conclusion,
both loss of Dvr1 and gain of Dvr1 resulted in aberrant C&E cell
migration, suggesting that an appropriate expression level of dvr1
is crucial for normal C&E cell movements.
The nature of the relationship between C&E cell movements
and cell fate speciﬁcation has recently attracted attention (Chen et
al., 2012; Myers et al., 2002b; van Eekelen et al., 2010; Xu et al.,
2013). To rule out the possibility that the impaired C&E move-
ments resulted from aberrant cell fate speciﬁcation in dvr1
morphants, we analyzed the expression of dorsal (chd, gsc, ﬂh,
cyc), ventral (bmp4, bmp2b, tbx6) and mesodermal (ntla) pattern-
ing genes in dvr1 morphants using whole-mount in situ hybridiza-
tion. At the shield stage, the dvr1 moATG and dvr1 moSB morphants
showed morphologically normal development (Fig. S5A, bright
ﬁeld). The expression of the genes mentioned above showed no
obvious alterations in morphants with either dvr1 moATG or moSB,
except for the decreased expression level of bmp4 in dvr1 moATG
embryos (Fig. S7A,B). Consistent with this observation, there is no
obvious early patterning defect in bmp4 mutants (Stickney et al.,
2007). Thus, these results raise the possibility that the zygotic but
not maternal expression of dvr1 causes impaired C&E movements
without interference in cell fate decisions.
It has been reported that a fraction of morpholinos used in
zebraﬁsh show off-target effects due to p53-induced apoptosis
(Robu et al., 2007). To conform that the phenotypes of C&E
movement defects observed in setdb2 and dvr1 morphants were
gene-speciﬁc effects, we co-injected setdb2 mo, dvr1 moATG and
dvr1 moSB, respectively, with p53 mo. The embryos injected with
setdb2 mo, dvr1 moATG or dvr1 moSB showed a shortened body
axis, curved somites and neural apoptosis of the head at 22 hpf.
After co-injection with p53 mo, the phenotypes of head apoptosis
were largely eliminated, but the shortened body axis and curved
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Fig. 3. Forced expression of dvr1 impairs epiboly and C&E movements. (A–F) Embryos were either uninjected or injected with 80, 40, 20, 15 or 10 pg dvr1 mRNA at the one-
cell stage and were imaged at 10 hpf. Base on the severity and stage of morphological phenotypes, the embryos were grouped into normal bud stage (blue), 50% epiboly
(red), 70% epiboly (orange), 90% epiboly (green) and C&E defects (gray). Statistical analyses of the phenotypes are shown in F. The dotted lines in A and E indicate the angle
between the most anterior and posterior ends of the body axis. The arrows in B-D indicate the front edge of epiboly process. All embryos were lateral view. (G) The average
extension angle of uninjected embryos and embryos injected with 10 pg dvr1 mRNA which had impaired extension (approximately 40% of total 10 pg dvr1 mRNA injected
embryos) was plotted. The statistical signiﬁcance of this difference is indicated by asterisks (nnnn, Po0.0001). (H-M) Embryos at one-cell stage were injected with control or
dvr1 mRNA (50 pg EGFP mRNA or 10 pg dvr1 mRNA) and stained with RNA probes for ntla, ctsl1b, dlx3b and myod1 at 10 hpf. White and black double-headed arrows denote
the width and length of the notochord and somites, respectively. The green dotted lines indicate the angle between the two sides of the neural plate. Embryos were dorsal
view in H-I and L-M with head to the top and animal view in J and K with head to the left.
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somites were still present (Fig. S8, left column). Consistent with
these results, the co-injection of p53 mo in setdb2 and dvr1
morphants could not restore the phenotype of wider and shorter
notochord (ntla) compared to the control (Fig. S8, right column),
indicating that the defects of C&E movements in setdb2 or dvr1
morphants were induced by inhibition of Setdb2 or Dvr1, and not
by p53-dependent off-target effects.
The setdb2-dvr1 transcriptional cascade regulates C&E cell
movements in a non-cell-autonomous manner
To further examine how the setdb2-dvr1 transcriptional cascade
affects C&E movements during gastrulation, in a cell-autonomous
or non-cell-autonomous manner, one-cell-stage donor embryos
were injected with Rhodamine-dextran or with ﬂuorescein-
dextran plus setdb2 mo or dvr1 moSB. At the shield stage, we co-
transplanted dorsal mesendodermal cells of both wild-type
embryos (Rhodamine-dextran) and morphants (ﬂuorescein-dex-
tran plus setdb2 mo) into the dorsal side of wild-type host
embryos and tested the extension. At the end of gastrulation, cells
from both wild-type and setdb2-mo donor embryos properly
migrated to the animal pole to a similar extent (Fig. 6C).
Furthermore, when cells from the middle of the lateral blastoderm
margin of wild-type embryos or morphants were co-transplanted
into the same location of wild-type host embryos and imaged at
the bud stage, we also observed that these donor cells converged
to the dorsal side in a similar way (Fig. 6D). When we co-
transplanted dorsal mesendodermal cells of donor embryos into
the dorsal side of setdb2-morphant host embryos, we found that
donor cells from both wild-type embryos and morphants migrated
to the animal pole posteriorly without any obvious differences
(Fig. 6E). Similarly, when cells from the middle of the lateral
blastoderm margin of these donor embryos were co-transplanted
into setdb2-morphant host embryos, they failed to converge to the
dorsal side (Fig. 6F). In addition, based on the function of Dvr1 as a
ligand of the TGF-β superfamily, we predict that knockdown of
Dvr1 also impaired C&E movements in non-cell-autonomous
manner. As expected, when we co-transplanted dorsal mesendo-
dermal cells or lateral mesendodermal cells derived from either
wild-type or dvr1 moSB donor embryos into dvr1 moSB host
embryos at dorsal or lateral sites, respectively, the C&E movements
of the transplanted cells were impaired (Fig. 6G–J). These results
demonstrate that a setdb2-dvr1 transcriptional cascade regulates
zebraﬁsh C&E movements in a non-cell-autonomous way.
Fig. 4. Knockdown of the dvr1 gene leads to abnormal C&E movements. (A–H) Whole-mount in situ hybridization for fgf8a, dlx3b, ctsl1b, myod1 and ntla were performed in
control and dvr1moATG morphants at the indicated developmental stages. (I–P) Whole-mount in situ hybridization for ntla, dlx3b, ctsl1b, egr2b andmyod1 were performed in
control and dvr1 moSB morphant embryos at the indicated developmental stages. The percentage of phenotypes were as follows: (J) 17/19 (ntla), (L) 42/44 (dlx3b), 13/44
(ctsl1b), (N) 23/25 (egr2b), (P) 34/34 (myod1). Red double-headed arrows denote the width of the presumptive hindbrain in the lateral view or the width of rhombomeres
3 and 5 in the dorsal view. Green dotted lines indicate the angle between the two sides of the neural plate. Black and blue double-headed arrows show the width and length
of somites in E-F and O-P, respectively. Black double-headed arrows in I and J indicate the length of the notochord. Embryos were dorsal view in left side of A-B, E-F, I-J and
M-P with head to the top, animal view in C-D and K-L with head to the left, lateral view in right side of A and B with head to the top, lateral view in left side of G and H and
dorsal view in right side of G and H with head to the left. (Q) The C&E defects were speciﬁcally caused by Dvr1 inhibition. Whole-mount mRNA in situ hybridization of the
expression pattern of myod1 in control, dvr1 moATG-injected and dvr1 moATG plus dvr1 mRNA-injected embryos at 9-somite stage.
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Fig. 5. Identiﬁcation of the essential role of Dvr1 in C&E cell movements using a cell-tracing strategy. (A–P) Tracking cell movements in C&E using UV-mediated
photoactivation. At the one-cell stage, the embryos were injected with either 100 pg mRNA coding for Kaede protein plus dvr1 control morpholino or kaedemRNA plus dvr1/
setdb2 morpholinos. Embryos were labeled by UV radiation at the shield stage and analyzed at the tail-bud stage. Dorsal mesendodermal cells in control (A,B, n¼13), dvr1
moATG (E,F, n¼21), dvr1moSB (I,J, n¼10) and setdb2mo (M,N, n¼14). Lateral mesendodermal cells in control (C,D, n¼13), dvr1moATG (G,H, n¼22), dvr1moSB (K,L, n¼10) and
setdb2 mo (O,P, n¼18). (Q) Statistical analysis of anterior migration of labeled dorsal mesendodermal cells and dorsal migration of lateral mesendodermal cells. All images
were lateral views. Asterisks indicate statistically signiﬁcant differences (nnn, Po0.001; nnnn, Po0.0001). V, ventral side. D, dorsal side.
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Discussion
As an essential and fascinating aspect of embryonic develop-
ment, the complex C&E cell movements have been intensively
studied. Many genes involved in the regulation of this process
have been identiﬁed, but how these genes coordinate the process
of C&E deserves further study. Here, we uncovered a novel
requirement for Setdb2, a histone H3K9 methyltransferase, in
regulating C&E movements. More importantly, we found that
Setdb2 functions by ﬁne-tuning the expression of dvr1 to an
appropriate level to ensure proper C&E movements in a non-
cell-autonomous manner. Speciﬁcally, we ﬁrst revealed that Dvr1,
a ligand of the TGF-β superfamily, which has been shown to
specify cell fates and regulate the formation of left-right asym-
metry, also participates in cell movements during epiboly and C&E.
This study provides novel insights into the mechanism that
controls C&E cell movements during gastrulation.
During vertebrate gastrulation, C&E movements play a pivotal
role in shaping the embryonic body. The signaling pathways
underlying the morphogenetic cell movements of the C&E process
have been well established (Roszko et al., 2009). Although more
and more reports show that epigenetic modiﬁcations of histones
have essential roles in early embryonic development, whether
epigenetic regulators participate in the C&E process remains
largely unclear. Recently, the results of chromatin immunopreci-
pitation (ChIP) in zebraﬁsh have shown the complexity and
importance of the transcriptional regulatory function of histone
modiﬁcations before, during and after the time of zygotic gene
activation (ZGA), suggesting an instructive role of histone mod-
iﬁcations for the control of developmental gene activation and
repression (Andersen et al., 2012; Lindeman et al. 2011; Lindeman
et al., 2010). In this study, we provide a unique example of the
importance of histone modiﬁcations in developmental gene
repression during early zebraﬁsh development: Setdb2, an epige-
netic regulator responsible for H3K9me3, contributes to control of
the C&E cell movements through negative regulation of dvr1 gene
expression. Speciﬁcally, when we assessed the transcriptional
expression levels of setdb2 and dvr1 individually in wild-type
embryos (Fig. 2B), we found a highly negative correlation between
their transcriptional patterns. These data suggest that the chro-
matin state of dvr1 may be directly modiﬁed by Setdb2. Decipher-
ing the H3K9me3 modiﬁcation enrichment proﬁle on the dvr1
promoter is a major goal in the future. Afterward, we plan to
clarify whether the Setdb2 is recruited to the promoter of the dvr1
gene to directly exert its transcriptional repression activity and to
identify any other transcriptional factors that may be involved in
the proper positioning of Setdb2 at this promoter. Meanwhile,
based on the ﬁnding that the knockdownwith dvr1moATG or moSB
in setdb2 morphants only partially restored the C&E defects to
normal (Fig. 2D–M, Fig. S4), we propose the possibility that other
deregulated genes identiﬁed from microarray data may also
participate in the regulation of C&E movements as candidate
downstream targets of Setdb2.
The process of C&E involves massive and complex cell move-
ments to establish and shape the embryonic body. The behaviors
of different cell groups have been well identiﬁed. Depending on
the localization of the cells along the dorsal-ventral axis, cell
behaviors can be divided into several types, as follows: I, cells of
the most ventral domain cells migrate towards the vegetal pole; II,
cells of the lateral domain cells primarily undergo directed cell
migration towards the dorsal side; III, cells of the lateral-dorsal
domain show medial planar and polarized radial intercalations; IV,
cells of the dorsal domain have anterior-directed migration in the
most anterior cells or mediolateral intercalations in the posterior
cells (Glickman et al., 2003; Jessen et al., 2002; Myers et al., 2002a;
Roszko et al., 2009; Sepich et al., 2000; Solnica-Krezel, 2006;
Topczewski et al., 2001; Ulrich et al., 2003; Yin et al., 2008). The
speciﬁc cell behaviors are precisely coordinated in time and space
by various signaling pathways. Recently, the molecular mechan-
isms underlying the individual cell behaviors have been elucidated
partially (Solnica-Krezel, 2006). Based on the present study, the
impairment of anterior-directed migration in the dorsal domain
was mild in both setdb2 and dvr1 morphants. In contrast, the
convergence of the lateral or dorsal domain and the extension of
Fig. 6. The setdb2-dvr1 transcriptional cascade regulates C&E cell movements in a non-cell-autonomous manner. (A-B) Representative images of transplantation for analysis
of C&E cell movements at the shield stage. Red and green cells are those labeled with Rhodamine-dextran or ﬂuorescein-dextran in donor embryos, respectively. (C-D) Dorsal
or lateral mesendodermal cells derived from wild-type and setdb2-mo donor embryos, respectively, were transplanted into the corresponding regions of wild-type host
embryos at the shield stage and imaged at 11 hpf. (E-F) Dorsal or lateral mesendodermal cells derived from wild-type and setdb2-mo donor embryos, respectively, were
transplanted into the corresponding regions of setdb2 mo-injected host embryos at the shield stage and imaged at 11 hpf. (G-H) Dorsal or lateral mesendodermal cells
derived from wild-type and dvr1 moSB donor embryos, respectively, were transplanted into the corresponding regions of wild-type host embryos at the shield stage and
imaged at 11 hpf. (I-J) Dorsal or lateral mesendodermal cells derived from wild-type and dvr1 moSB donor embryos, respectively, were transplanted into the corresponding
regions of dvr1moSB-injected host embryos at the shield stage and imaged at 11 hpf. The percentages of phenotypes were as follows: (C) 7/9, (D) 6/6, (E) 7/8, (F) 9/9, (G) 8/10,
(H) 6/6, (I) 8/8, (J) 9/10. The angles in C, E, G and I indicate the anterior migration of dorsal mesendodermal cells after transplantation. The white arrows in D, F, H and J
indicate the dorsal migration of lateral mesendodermal cells after transplantation. All embryos were lateral views with head to the top.
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posterior cells in the dorsal domain were seriously affected (Figs. 1,
4). The differences in the behaviors of cell groups may reﬂect
variations in the underlying molecular mechanism. Therefore,
these results thus prompt us to further investigate precisely which
cell groups and behaviors are driven by the setdb2-dvr1 transcrip-
tional cascade.
How does the setdb2-dvr1 transcriptional cascade control the
C&E movements? The key question is which downstream targets
of Dvr1 mediate the speciﬁc cell movements in setdb2 morphants.
Our transplantation experiment showed that the setdb2-dvr1
transcriptional cascade and inhibition of Dvr1 both effected C&E
movements in a non-cell-autonomous manner (Fig. 6). These
results, along with previous studies of the dvr1 gene, strongly
suggest that the upregulated dvr1 gene in setdb2 morphants may
act as the ligand for TGF-β signals to activate downstream signals.
Although the critical roles of Gdf1/Vg1/Dvr1 during embryonic
development have been well deﬁned, the molecular mechanism
and the signaling pathway activated by these ligands have not
been well veriﬁed. Previous reports suggest that there are simila-
rities in the functions and signaling properties of Vg1/Gdf1 and
other subgroups of TGF-β ligands, such as Nodal/Activin. In
Xenopus, maternal Vg1 is required for Smad2 phosphorylation
(Birsoy et al., 2006). Mesoderm induction by Gdf1 is blocked by
truncation of the Activin type II receptor (inhibiting several TGF-β
signaling pathways including Activin, Bmp4 and Nodal) and
Smad2-interaction domain of FAST1 (blocking formation of the
Smad2-Smad4 complex) (Wall et al., 2000). An additional study
indicates that aVg1 acts similarly to Nodal and depends on EGF-
CFC coreceptors for the interaction with and activation of Activin
receptors (Cheng et al., 2003). In our study, we also detected the
speciﬁcally increased expression level of lefty1, which inhibits the
Nodal signaling pathway (Schier and Talbot, 2005), in setdb2
morphants at the onset of gastrulation, but not lefty2, cyclops or
squint (data not shown). Determining whether Nodal signaling is
activated requires further testing. All of these results led us to
speculate that the setdb2-dvr1 transcriptional cascade may resem-
ble that of Nodal in the regulation of C&E movements or may
instead mediate C&E movements through a unique pathway that
has not been elucidated.
In our study, we also observed the defects of cell polarity in
setdb2 morphants, dvr1 morphants and dvr1 overexpression
embryos (Fig. 1, Fig. S3). As generally known, the Wnt/PCP path-
way is a crucial regulator of C&E movements and essential for
polarized cell behaviors. In order to address the possibility that the
Wnt/PCP pathway was compromised in the impaired C&E move-
ments caused by aberrant setdb2-dvr1 transcriptional cascade, we
checked the expression level of the Wnt/PCP core components
(wnt5b, wnt11, vangl2, gpc4, prickle1a, dvl2, dvl3, fzd2, fzd7a, fzd7b,
cdc42-2, rac1 and rhoab) in setdb2 mo microarray data and did not
observe obvious alterations in these genes (data not shown). In
addition, we also analyzed these Wnt/PCP core genes in dvr1
moATG morphants by real-time PCR. The expression of the genes
mentioned above showed no obvious alterations in dvr1 moATG
morphants, except for the mild up-regulation of wnt11 (data not
shown). Based on the results above, we have not found obvious
aberrent transcriptional level of primary Wnt/PCP core genes in
setdb2 or dvr1 morphant embryos. The involvement of the Wnt/
PCP pathway and the genetic interaction between Wnt/PCP path-
way and setdb2-dvr1 transcriptional cascade need to be further
investigated.
During gastrulation, the embryonic cells undergo massive
migration to acquire proper localization and to sculpt the body
axis. Meanwhile, cells start to make cell fate decisions by expres-
sing speciﬁc genes (Myers et al., 2002b). The key point is the
relationship between cell movement behaviors and cell fate
decisions during gastrulation. Previous studies have shown that
maternal Wnt/β-catenin activates squint and dharma/bozozok to
participate in organizer formation and cell speciﬁcation (Solnica-
Krezel and Driever, 2001). Moreover, this signal also causes the
activation of stat3, which is not essential for cell fate speciﬁcation
but is required for C&E movements (Miyagi et al., 2004; Yamashita
et al., 2002). These observations indicate that maternal Wnt/β-
catenin signaling may mediate cell fate speciﬁcation and cell
movements via parallel pathways. In our previous study, we found
that the setdb2 mo induced abnormal cell fate speciﬁcation at the
onset of gastrulation (Xu et al., 2010) (Fig. S7). Further study
indicated that the expanded dorsal organizer but not the C&E
defects induced by Setdb2 knockdown could be well restored to
normal by co-injecting fgf8a morpholino (data not shown). These
observations suggest that setdb2-dvr1 transcriptional cascade
regulates C&E movements in parallel with, rather than down-
stream of, cell fate speciﬁcation. Similarly, in our study, we
observed the downregulation of bmp4 in dvr1 moATG embryos. It
suggests that maternal expression of dvr1 gene may modulate cell
fate speciﬁcation and raises the question of whether aberrant cell
fate determination induced by maternal Dvr1 inhibition is also
responsible for abnormal cell movement.
Materials and methods
Fish care
Zebraﬁsh maintenance, breeding, and staging were performed
under standard conditions as described previously (Kimmel et al.,
1995).
Plasmid construction
The fragments of gsc, egr2b, myod1 and myl7 were cloned into
pCS2þ , pBSK or pGEM-Teasy vector. The plasmids dlx3b, ctsl1b,
bmp2b, bmp4, spaw, cyclops, ﬂh, chordin, fgf8a, ntla, tbx6 and the
chimeric constructs of dvr1 for dvr1 mRNA synthesis were gener-
ous gifts from other laboratories (Acknowledgments).
Whole-mount in situ hybridization
Whole-mount in situ hybridization with mRNA antisense
probes were performed as described previously (Thisse and
Thisse, 2008). The stained embryos were mounted in 4% methyl-
cellulose and photographed using the Nikon SMZ1500
stereomicroscope.
Morpholinos and mRNA injection
Setdb2 control mo: 50–CACGGTTGAGGACATTTAAATCACT-30, Setdb2
mo: 50–CAGGGTTCAGGAGATTTTAATGACT-30, dvr1 control mo: 50-
GCTGTCAGCAGCACCAACAACATTA-30, dvr1 moATG: 50–GCTCTGAG-
GAGGACCAAGAACATTA-30, dvr1 moSB: 50–GTGGTCCGTAAGATCCT-
CACCTTGA-30, p53 mo: 50–TCTTGGCTGTCGTTTTGCGCCATT G-30. All
morpholino antisense oligonucleotides were purchased from GENE
TOOLS. Capped mRNAs were synthesized with the Message machine
kit according to manufacturer's instructions (Ambion). All morpholi-
nos and mRNAs were injected at the one-cell stage.
Generation of anti-Setdb2 antibody and western blot
A rabbit polyclonal antiserum against zebraﬁsh Setdb2 protein
was generated using a C-terminal peptide of zebraﬁsh Setdb2 as
an antigen source, and used to immune a rabbit (willget biotech).
Western blot was performed as described previously (Fu et al.,
2009). Signals were detected with Mouse anti-histone H3
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antibody (1:10,000) and rabbit anti-zebraﬁsh Setdb2 antibody
(1:1000).
Immunoﬂuorescence
Whole-mount immunoﬂuorescence with primary antibody
against rabbit DsRed (1:500 dilution, clontech) and Alexa Fluor
546-labeled secondary antibody (donkey anti-rabbit, 1:500 dilu-
tion, Invitrogen) was performed as described previously (Xu et al.,
2010).
Cell polarity analyses
The embryos were injected with 16 ng setdb2 control mo plus
100 pg membrane-RFP mRNA (membrane labeling), or setdb2 mo
plus 100 pg membrane-RFP mRNA. The stained embryos were
mounted in 2% low-melting point agarose for visualization of
notochord and the images were collected using a OLYMPUS-FV-
1000 confocal microscope equipped with 60 water-immersion
objectives. LWRs and ML alignment were measured with Ima-
geJ2X. The rose diagrams were drawn using Rose.NET.
Microarray analysis
The embryos were injected with 16 ng setdb2 control mo or
16 ng setdb2 mo at one-cell stage and collected at 6 hpf. About 5–
10 μg total RNA was extracted for cDNA generation, ampliﬁed and
hybridized to Affymetrix Zebraﬁsh Genome Arrays. Two indepen-
dent experiments of biological replicates (setdb2 control mo and
setdb2 mo) were performed. The microarray assay and data
analysis were ﬁnished by Gene Tech (Shanghai) Company Limited.
The microarray data has been loaded into ArrayExpress (www.ebi.
ac.uk/arrayexpress). The ArrayExpress accession account are as
follows: Username: Reviewer_E-MTAB-2207, Password:
UMFCB80d.
Quantitative real-time PCR
Real-time quantitative RT-PCR was performed using SYBR
Green (Toyobo Engineering). Zebraﬁsh housekeeping gene gapdh
was used as an internal control. The QPCR primer sequences used
in this study were described in Table S2.
Cell-tracking by UV-mediated photoactivation
Embryos were injected with 400 pg mRNA coding for Kaede
protein plus dvr1 control mo, or kaede mRNA plus dvr1/setdb2
morpholinos at one-cell stage. The embryos were radiated by UV
at shield stage. The cell movements images were performed on
OLYMPUS-FV-1000 confocal microscope under 20 objectives at
the shield and the tail-bud stages.
Transplantation experiments
At one-cell stage, the donor embryos were injected with 2 nl of
0.5% rhodamine-dextran alone, or 2 nl of 0.5% ﬂuorescein-dextran
(MW 10,000, Molecular Probes) together with 16 ng setdb2 mo/
dvr1 moSB. The host embryos were uninjected or injected with
setdb2 mo/dvr1 moSB. At 6 hpf, the dorsal or lateral mesendoder-
mal cells of two donor embryos were transplanted to the corre-
sponding regions of the host embryos. The images were collected
at 6 hpf and 10.5 hpf under OLYMPUS-FV-1000 confocal micro-
scope with 20objectives.
Statistical analysis
Data analyses were performed in excel and GraphPad Prism6.
All statistics were performed using a two-tailed Student's t-test.
Results were presented as means7SD.
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